The melanosome is a unique secretory granule of the melanocyte in which melanin pigments are synthesized by tyrosinase gene family glycoproteins. Melanogenesis is a highly regulated process because of its inherent toxicity. An understanding of the various regulatory mechanisms is important in delineating the pathophysiology involved in pigmentary disorders and melanoma. We have puri®ed and analyzed the total melanosomal proteins from B16 mouse melanoma tumors in order to identify new proteins that may be involved in the control of the melanogenesis process. Melanosomal proteins were resolved by two-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis, a predominant spot (27 kDa with isoelectric point 5.8±6.4) was excised and digested with cyanogen bromide, and the fragments were sequenced. Synthetic oligonucleotide primers were synthesized corresponding to the peptide sequences, and reverse transcriptase polymerase chain reaction ampli®cation of total RNA from B16 cells was carried out. Sequencing of one of the polymerase-chain-reaction-mediated clones demonstrated 80%±97% sequence homology of 200 bp nucleotide with GTP-binding proteins at the 3¢-untranslated region. GTP-binding assay on two-dimensional gels of melanosomal proteins showed the presence of several (®ve to six) small GTP-binding proteins, suggesting that small GTP-binding proteins are associated with the melanosome. Among the known GTP-binding proteins with similar molecular weight and isoelectric point ranges, rab3, rab7, and rab8 were found to be present in the melanosomal fraction by immunoblotting. Confocal immuno¯uorescence microscopy showed that rab7 is colocalized with the tyrosinase-related protein 1 around the perinuclear area as well as, in part, in the perikaryon, thereby suggesting that rab7 might be involved in the intracellular transport of tyrosinase-related protein 1. Tyrosinase-related protein 1 transport was blocked by the treatment of B16 cells with antisense oligonucleotide to rab7. We suggest (i) that rab7 is a melanosome-associated molecule, (ii) that tyrosinase-related protein 1 is present in late-endosome delineated granules, and (iii) that rab7 is involved in the transport of tyrosinase-related protein 1 from the lateendosome delineated granule to the melanosome. Key words: intracellular transport/melanogenesis/melanosomes/ rab7/small GTP-binding proteins/tyrosinase-related protein 1. J Invest Dermatol 117: 81±90, 2001 
The melanosome is a unique secretory granule of the melanocyte in which melanin pigments are synthesized by tyrosinase gene family glycoproteins. Melanogenesis is a highly regulated process because of its inherent toxicity. An understanding of the various regulatory mechanisms is important in delineating the pathophysiology involved in pigmentary disorders and melanoma. We have puri®ed and analyzed the total melanosomal proteins from B16 mouse melanoma tumors in order to identify new proteins that may be involved in the control of the melanogenesis process. Melanosomal proteins were resolved by two-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis, a predominant spot (27 kDa with isoelectric point 5.8±6.4) was excised and digested with cyanogen bromide, and the fragments were sequenced. Synthetic oligonucleotide primers were synthesized corresponding to the peptide sequences, and reverse transcriptase polymerase chain reaction ampli®cation of total RNA from B16 cells was carried out. Sequencing of one of the polymerase-chain-reaction-mediated clones demonstrated 80%±97% sequence homology of 200 bp nucleotide with GTP-binding proteins at the 3¢-untranslated region. GTP-binding assay on two-dimensional gels of melanosomal proteins showed the presence of several (®ve to six) small GTP-binding proteins, suggesting that small GTP-binding proteins are associated with the melanosome. Among the known GTP-binding proteins with similar molecular weight and isoelectric point ranges, rab3, rab7, and rab8 were found to be present in the melanosomal fraction by immunoblotting. Confocal immuno¯uorescence microscopy showed that rab7 is colocalized with the tyrosinase-related protein 1 around the perinuclear area as well as, in part, in the perikaryon, thereby suggesting that rab7 might be involved in the intracellular transport of tyrosinase-related protein 1. Tyrosinase-related protein 1 transport was blocked by the treatment of B16 cells with antisense oligonucleotide to rab7. We suggest (i) that rab7 is a melanosome-associated molecule, (ii) that tyrosinase-related protein 1 is present in late-endosome delineated granules, and (iii) that rab7 is involved in the transport of tyrosinase-related protein 1 from the lateendosome delineated granule to the melanosome. Key words: intracellular transport/melanogenesis/melanosomes/ rab7/small GTP-binding proteins/tyrosinase-related protein 1. J Invest Dermatol 117: 81±90, 2001 M elanin synthesis (melanogenesis) is a complex process that is initiated by the hydroxylation of tyrosine to 3,4-dihydroxyphenylalanine (DOPA) and followed by oxidation to dopaquinone, both reactions catalyzed by the enzyme tyrosinase. Dopaquinone undergoes several enzymatic and nonenzymatic reactions after this initial step to form fully polymerized melanin pigments. Recently a number of genes and their encoded proteins were identi®ed to be involved in the control of this process (Kwontyrosinase steps of the melanogenesis cascade through dihydroxyindole-2-carboxylic acid (DHICA) oxidase and dopachrome tautomerase activities, respectively, and thus may have important roles in melanin biosynthesis Winder et al, 1993 Winder et al, , 1994 Kobayashi et al, 1994; Yokoyama et al, 1994; Zhao et al, 1994b; del Marmol and Bermann, 1996; Jimenez-Cervantes et al, 1997) .
Melanogenesis occurs within a subcellular organelle called the melanosome, which is the site of synthesis as well as deposition of melanin pigments in the melanocyte. The biosynthesis and maturation of melanosomes provide more sites for the regulation of melanogenesis. Early electron microscopy studies revealed four successive stages in the maturation of melanosomes, i.e., stage I, a spherical vacuole with ill-de®ned matrix ®laments; stage II, in which the melanosome changes to the elliptical shape with a wellde®ned ®lamentous/lamellar matrix; stage III, an ellipsoidal granule with partial deposition of electron-opaque melanin pigments on these ®laments; and stage IV, a mature granule with complete opaci®cation of melanosomal contents by melanin pigments. It is this stage IV melanosome that is ready to be transported to the surrounding keratinocytes (Jimbow et al, 1998) .
The elucidation of the mechanism in the biosynthesis and maturation of melanosomes is important because this process may be exploited for the development of new therapeutic strategies in the cancer of melanocytes, malignant melanoma (Jimbow et al, 1993a; Singh et al, 1994) . Its alteration may also directly affect the development of certain hyperpigmentary and hypopigmentary diseases; hence this characterization may provide the basis for the development of modalities for diagnosis and treatment of these pigmentary diseases.
In order to identify new proteins that would be directly or indirectly involved in the biosynthesis, maturation, and even transfer of melanosomes, this study isolated melanosomal proteins by two-dimensional sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (2D-PAGE). Reverse transcriptase polymerase chain reaction (RT-PCR) mediated molecular cloning of one gene, corresponding to a spot in 2D-PAGE, demonstrated a strong nucleotide sequence homology with guanosine triphosphate (GTP) binding proteins (Rall and Harris, 1987) . Here, we show that at least ®ve to six small molecular weight GTP-binding proteins (SMG-binding proteins), i.e., rab3, rab7, and rab8, plus two or three others common to any organelles, are present in the melanosomal fraction, and among them rab7, which has been associated with protein transport to the late endosome, was found to be involved with the transport of TRP-1 to the melanosome. As we are also interested in the transport of melanosomal proteins, we pursued our studies toward understanding TRP-1 transport in relation to rab7.
MATERIALS AND METHODS
Cell culture Mouse B16 melanoma cells and human melanoma cell lines G361 and MeWo were obtained from the American Type Culture Collection (ATCC, Rockville, MD). A murine immortal line of melan a2 was kindly supplied by Dr. D.C. Bennet (Bennet et al, 1987) . They were grown in RPMI 1640 medium supplemented with 10% (vol/vol) fetal bovine serum and antibiotics (penicillin, 100 U per ml; streptomycin, 100 mg per ml; Gibco, Grand Island, NY) at 37°C in a humidi®ed atmosphere with 5% (vol/vol) CO 2 .
Tumor collection B16 cells (10 7 per 200 ml phosphate-buffered saline, PBS) were inoculated into C57 BL/6 J (6±8-wk-old) mice subcutaneously, and the melanoma tissues were obtained as previously reported . After about 3 wk the tumors were collected and kept in cold PBS, cut into approximately 3 mm 3 pieces, and transplanted to other mice. The tumors were collected after about 3 wk (necrotic tissue was discarded) into PBS and melanosomal fraction was puri®ed from the fresh tumors.
Puri®cation of melanosomal proteins Melanosomes and melanosomal proteins were puri®ed by our previously reported method (K Jimbow et al, 1982) with some modi®cations. Brie¯y, 50±60 g of tumor tissue was transferred to 150 ml of a solution (puri®cation buffer) containing 0.5 M sucrose, 4 mM phosphate, pH 6.8, and 2 mM phenylmethylsulfonyl¯uoride and minced with scissors. The tissue was homogenized with a Te¯on homogenizer. After ®ltering through the gauze, the homogenate was centrifuged through a 0.5 M sucrose solution at 5000g for 3 min. The supernatant was collected and the centrifugation was repeated twice more. The ®nal supernatant was centrifuged at 25,000g for 10 min and the pelleted large granule fraction (LGF) was collected. The pellet was rinsed twice with the puri®cation buffer and resuspended in 18 ml of the same buffer. The suspension was slightly homogenized to break the aggregated LGF and centrifuged on 1.0± 2.0 M discontinuous sucrose density gradient (SDG) at 45,000g for 2 h in a PRS 27-2 rotor (Hitachi Electronic, Japan). The pellet was collected and subjected to the same puri®cation procedure again. The ®nal pellet was processed for the dissociation of melanosomal (and membraneassociated) proteins using different solubilizing buffers followed by centrifugation at 45,000g for 30 min. The supernatant was collected and stored in 90% (vol/vol) acetone in the cold room.
Enzyme assays The activities of tyrosinase, acid phosphatase, and succinate dehydrogenase were assayed by the methods of Pomerantz (1963 ), Trouet (1974 , and Ackrell et al (1978) , respectively.
Protein assay Protein was measured using Bio-Rad (Richmond, CA) protein assay kit using the manufacturer's recommended procedure.
2D-PAGE A combination of isoelectric focusing and SDS-PAGE was used to resolve proteins in two dimensions, essentially as described by O'Farrell (1975) . For isoelectric focusing, samples (dissolved in 1% wt/ vol SDS) were mixed with the same amount of lysis buffer (9.5 M urea 2% wt/vol, Nonidet P-40 2% vol/vol) and ampholines comprising 1.6% (vol/vol), pH range 5±7, and 0.4% (vol/vol), pH range 3±10. Tube gels used for the ®rst dimension were 11 cm long and had an internal diameter of 4 mm. For the second dimension 10%±12% (vol/vol) SDS-PAGE was used. Gels were visualized by staining with CoomassieBrilliant Blue (Sigma Chemical, Japan).
Puri®cation and peptide sequencing of melanosomal protein spots Spots were excised from the 2D-PAGE gels using a disposable scalpel and pooled. The pieces were crushed with a microhomogenizer, rotated overnight at room temperature with 0.5 ml of 0.1% (wt/vol) SDS, and ®ltered through 0.45 mm Millipore ®lter, and the ®ltrates were lyophilized. The pellet residue was suspended in 200 ml of 5% (wt/vol) cyanogen bromide/80% (vol/vol) formic acid and was rotated overnight at room temperature; 800 ml of H 2 O was added and the solution was lyophilized. The ®nal lyophilized pellet was suspended in 50 ml of 1% (wt/vol) SDS and boiled for 90 s. After centrifugation at 25,000g for 2 min, the peptides in the supernatant were separated with an Applied Biosystems 130 A reverse phase HPLC (Foster City, CA). Individual fractions were collected manually under ultraviolet monitoring.
The amino acid sequence of the resolved peptides was determined by automated Edman degradation in an Applied Biosystems 470 A gas-phase sequencer equipped with a 120 A phenylthiohydantoin analyzer.
Oligonucleotides were synthesized corresponding to the peptide sequences using an Applied Biosystems 381 A DNA synthesizer according to the supplier's instruction and puri®ed by Sephadex gel-exclusion column.
Isolation of RNA and RT-PCR Total cellular RNA was extracted, following the method essentially as described by Chomczynski and Sacchi (1987) . Five micrograms of total RNA were reversed transcribed using MMLV reverse transcriptase (Stratagene, Ontario, Canada) using 50 mM oligo-dT primer in the presence of 20 units of Rnasin (Promega Biotech, CA). Of the resulting cDNA, 10% served as template for the PCR reaction (ampli®cation of 3¢ cDNA) in 100 ml of 1 Q AmpliTaq polymerase buffer (Perkin Elmer, Ontario, Canada) Each cycle included denaturation at 94°C for 1 min, annealing of primers at 60°C for 1 min, and extension at 72°C for 2 min. After the last cycle, the samples were incubated at 72°C for 5 min. The PCR fragments were isolated and cloned into pBluescript KS vector (Stratagene). The cloned fragments were sequenced for both strands with an Applied Biosystems 373 A DNA sequencer (University of Alberta, Canada) using universal primers (Stratagene).
Transfer to nitrocellulose paper and (a-32 P)-GTP overlay Transfer to nitrocellulose and GTP overlay were done according to the method of Huber et al (1993b) . Brie¯y, 70±80 mg of total cellular proteins were separated by SDS-PAGE or 2D-PAGE as described above, washed 2 Q 15 min in 50 mM Tris-HCl, pH 7.5, in 20% (vol/vol) glycerol solution, and electrophoretically transferred to nitrocellulose paper in 10 mM NaHCO 3 /3 mM Na 2 CO 3 (pH 9.8). The transfer blots were rinsed for 30 min in GTP-binding buffer (50 mM NaH 2 PO 4 ), pH 7.5, 10 mM MgCl 2 , 2 mM dithiothreitol, 0.2% (wt/vol) Tween-20, and 4 mM adenosine-5¢-triphosphate (ATP), and then incubated with (a-32 P)-GTP (1 mCi per ml, speci®c activity 2903 Ci per mmol, 1 Ci = 37 Gbq) for 2 h. The blots were rinsed for 60 min with several changes of binding buffer and air dried. Labeled GTP binding was visualized by autoradiography (12±24 h, ±80°C) using Kodak Biomax Mr ®lm with an intensifying screen. Molecular masses were determined by comparison with prestained SDS-PAGE molecular weight standards (Bio-Rad), electrophoresed in the gels, and transferred to nitrocellulose blots.
Western blotting For immunoblot analysis, samples were separated in 10% (vol/vol) SDS-PAGE and transferred onto a nitrocellulose membrane (Bio-Rad). The membrane was blocked over night with 5% (wt/vol) milk in TBS (150 mM NaCl, 10 mM Tris-HCl, pH 8.0). The primary antibodies (rab7, a rabbit polyclonal antibody against a synthetic peptide, was a gift from Dr. R. Parton, Germany, and rab3 and rab8 rabbit polyclonal antibodies were from Santa Cruz Biotechnology, CA) and a secondary antibody, af®nity puri®ed goat antirabbit horseradish peroxidase (HRP) conjugate (Bio-Rad), were added in the blocking buffer with 0.05% (wt/vol) Tween-20. The bands were visualized with the enhanced chemiluminescence system (ECL; Amersham, U.K.) according to the manufacturer's instructions.
Immunoprecipitation Immunoprecipitation was done essentially as described by Hara et al (1994) .
Immuno¯uorescence microscopy Cells were grown on the coverslips or on eight-microchamber slides for 24 h prior to treatment. B16 cells were washed once with PBS (pH 7.4) and permeabilized with 0.5% (wt/vol) saponin in 80 mM K-PIPES (pH 6.8), 5 mM ethyleneglycol-bis(b-aminoethyl ether)-N,N,N¢,N¢-tetraacetic acid, 1 mM MgCl 2 for 5 min. The cells were ®xed with 3% (wt/vol) paraformaldehyde in PBS for 15 min and the procedure was continued as described by Chavrier et al (1990) . The binding with primary antibodies, HMSA-5 (a monoclonal antibody raised in our laboratory, which recognizes TRP-1) and rab7, was visualized with goat antimouse rhodamine and swine antirabbit¯uorescein isothiocyanate (FITC) or with swine antirabbit FITC and goat antimouse Texas Red, respectively, diluted in 0.5% (wt/ vol) saponin±PBS for 1±2 h. The slides were given three washes in PBS and one wash in double distilled water, air dried and mounted in glycerol/paraphenylenediamine.
For double immunostaining, the addition of HMSA-5 antibody followed after rab7 antibody treatment, but the secondary antibodies were added together.
Electron microscopy Melanosome pellets were processed for the electron microscopy preparation essentially as described by .
Antisense experiment As it has been found that antisense oligonucleotides are most effective when complementary to intron splice sites or initiation codons (Akhtar and Juliano, 1992) , the sequence sites selected were centered on the initiation codon ATG (ATG-antisense), and deduced from a canine rab7 cDNA (Chavrier et al, 1990) . The oligonucleotides ATG-antisense 5¢ CCTAGAGGTCATCCTTCAAA-CGC3 3¢ and a reversed-ATG-antisense 5¢ GGCGTTTGAAGGATG-ACCTAG 3¢ were synthesized with sulfurization modi®cation (Bio-Can Scienti®c, Ontario, Canada). B16 melanoma cells were transfected with the oligonucleotides, following our previously described method , with the cationic liposome reagent DOTAP, according to the supplier's instruction (Boehringer Mannheim, Germany).
RESULTS
Puri®cation of melanosomal fraction Puri®cation of melanosomes from melanocytes is an important step in isolating the melanosomal proteins to be analyzed. To obtain a suf®cient amount of melanosomal proteins, we raised mouse melanoma by injecting B16 melanoma cells into syngeneic C57 BL/6 J mice. Melanosomal fractions from freshly prepared mouse melanoma were prepared by SDG centrifugation . Marker enzyme, tyrosinase, was used to identify melanosomal fraction. Succinate dehydrogenase and acid phosphatase activities were measured to check the contamination, if any, of mitochondria and lysosomes, respectively. Tyrosinase activity was found mostly in the pellet of mature melanosomes, whereas succinate dehydrogenase and acid phosphatase activities were found at the top fractions (Fig 1) . Electron microscopy observation of the melanosomal pellet showed highly puri®ed and native melanosomes (Fig 2) , suggesting that the melanosomal fraction might be free of likely contaminants such as mitochondria and lysosomes.
Extraction and identi®cation of melanosomal proteins Next we labeled the melanosomal proteins of cultured B16 melanoma cells with 14 C-leucine to analyze the solubility of melanosomal proteins by different detergents to extract the melanosomal Puri®cation of melanosomes from B16 melanoma tumor was performed using 2.0±1.0 M SDG, as explained in Materials and Methods. 0.5 ml fractions were collected from the bottom of the tube and tyrosinase (h), succinate dehydrogenase (e) and acid phosphatase (s) activities were measured as marker enzymes for melanosomes, mitochondria, and lysosomes, respectively. Tyrosinase activity for the melanosome was highest in the pellet, whereas succinate dehydrogenase and acid phosphatase activities for mitochondria and lysosomes, respectively, were found in the top fractions. Enzyme activities are shown as percent activities to that of the peak values, taken as 100. proteins. We found that almost all melanosomal proteins can be extracted from melanosomes with the use of 1% (wt/vol) SDS (data not shown). Similar to our previous study (K , sodium deoxycholate (DOC) and guanidinium hydrochloride were also very effective in extracting proteins from melanosomes, whereas Brij-35, Nonidet P-40, and Tween-20 were much less effective (data not shown). The melanosomal proteins were then fractionated by 2D-PAGE. On the 2D-PAGE pro®le of B16 melanosomal proteins extracted by SDS, more than 60 spots (including the minor spots) were counted (Fig 3) . Among them, 13 spots were always distinct with Coomassie Blue staining and their relative locations were constant. These spots were numbered according to their molecular weights, from 76 kDa as #1 to 27 kDa as #13 (Table I) .
To extract the melanosomal membrane proteins, we treated the melanosomes with 1% (wt/vol) Brij-35 ( and resolved it by 2D-PAGE (Fig 4) . We found three very prominent spots (#1, #2, and #3), which were identical in molecular weight and isoelectric point (pI) to the spots #1, #12, and #13 of the 2D-PAGE of the SDS-extracted melanosomal protein.
Cloning of melanosomal proteins by PCR Among the three major melanosomal proteins extracted by Brij-35, spot #3 (which is identical to spot #13 in the 2D-PAGE of the SDS extract) was excised from the gels, pooled, puri®ed, and cleaved with cyanogen bromide. This #3 spot was chosen because it was always seen as one of the major proteins other than the known spots of the LAMP (lysosome associated membrane protein) and tyrosinase gene families. The peptide fragments were separated by reverse phase high performance liquid chromatography, and two out of nine peptide fragments were subjected to the peptide sequencing [fragment #4, T?KTDG (? = could not be determined), and fragment #8, QFITKNDG]. Oligonucleotide primers ACI ATI III AA(A/G) ACI GA(T/C) GG and CA(A/G) TT(T/C) ATI ACI AA(T/C) GA(T/C)GG to the corresponding amino acid sequences TI?KTDG and QFITKNDG, respectively, were designed, based upon the amino acid sequence data by diversifying the third base of the codons. These were then used as PCR primers. For cDNA cloning, the RT-PCR experiments were carried out using total RNAs from B16 cells. Ampli®cations of 3¢ cDNA ends were carried out using the oligo-dT and the above internal primers. A PCR product about 200 base pairs in size was obtained using the primer against fragment #8. DNA sequencing using universal primers (Stratagene) demonstrated sequence homology with the gene for the alpha subunit of Gs protein with more than 90% at the 3¢-untranslated region (Rall and Harris, 1987) .
Identi®cation of SMG-binding proteins in melanosomes Our PCR product revealed a sequence homology with the alpha subunit of Gs protein, which is involved in the signal transduction pathway. On the other hand, we are interested in knowing the biogenesis of the melanosome, i.e., the formation of the melanosome and its maturation upon integrating functional melanosomal proteins.
As it is already well known that SMG-binding proteins are involved in the transport of many proteins in ER±Golgi±lysosome (endosome) systems (Nakano and Muramatsu, 1989; Gravotta et al, 1990; Goud and McCaffrey, 1991; Waters et al, 1991; Coleman and Sprang, 1996) , it is quite likely that SMG-binding proteins are also present in or associated with the melanosomal proteins. To verify this, a GTP-overlay assay was carried out and bands corresponding to GTP-binding proteins (19±27 kDa range) were obtained. Competition experiments con®rmed that the melanosomal proteins of 19±27 kDa bind with GTP and GDP speci®cally, and not with GMP, AMP, ADP, or ATP (Fig 5) . To resolve the number of individual SMG-binding proteins, a GTP-overlay experiment was performed on the 2D-PAGE of melanosomal proteins, and at least ®ve to six small molecular weight melanosomal proteins were found to be GTP-binding proteins (Fig 6) . These results con®rmed the presence of SMG-binding proteins in the melanosomal fraction. Huber et al (1994) have reported a similar pattern of SMGbinding proteins of rat brain synaptosomes by GTP-overlay assay on 2D-PAGE, thereby suggesting that some of these proteins, at least two (U-1 and U-2), could be common to different subcellular organelles and different cell types. As SMG-binding proteins are known to be involved in intracellular vesicle traf®cking and as melanosome assembly was an area of our interest, we decided to pursue these melanosomal SMG-binding proteins further. Of the more than 50 SMG-binding proteins known (Takai et al, 1996) , we narrowed down the search to GTP-binding proteins with similar molecular weight and pI to those of the SMG-binding proteins in the 2D-PAGE of the melanosomal proteins (rab3, rab7, rab8, and rab11). Rab3 is involved in the exocytosis of zymogen granules in the pancreatic acinar cells. Melanosomes are also secreted from melanocytes to surrounding keratinocytes. We hypothesized that rab3 might be involved in melanosome transport and secretion in the same manner as zymogen granules. The size and pI of rab3 are 25 kDa and 4.8, respectively, being in a similar range to those found in the 2D-PAGE of melanosomal proteins (25±27 kDa and 5±8). Rab7 may also be recruited not only on late, but also on maturing, epidermal growth factor receptor-containing endosomes. This prompted us to speculate that rab7 (MW 24 kDa and pI 6.6) may be recruited onto maturing melanosomes (Wichmann et al, 1992; Bottger et al, 1996) . Finally rab8 and rab11 are involved in vesicular traf®c between the trans-Golgi network (TGN) and the basolateral plasma membrane. Following maturation, melanosomes are transported to the plasma membrane to be secreted. Rab8 and rab11 might be involved in this targeted transport of melanosomes to the plasma membrane. By Western blotting, rab3, rab7, and rab8 were found to be associated with or present in the melanosome (Fig 7) , but not rab11 (data not shown). Based upon the known biologic role of rab3, rab7, and rab8 (Wichmann et al, 1992; Bottger et al, 1996) , it was speculated that rab7 would be involved in the protein transport to the melanosome, whereas rab3 and rab8 might be involved in the intracellular transport of the melanosome to the plasma membrane of the melanocyte for melanosome secretion (Huber et al, 1993a; Fischer et al, 1994; Valentijn et al, 1996; Mohrmann and der Sluijis, 1999) .
TRP-1 colocalizes with rab7, a late endosomal small GTPbinding protein We next investigated whether SMG-binding proteins are involved in the intracellular transport of TRP-1, a major melanosomal protein, to melanosomes. Of the three SMGbinding proteins (rab3, rab7, and rab8) tested by double immunouorescence, rab7 was found to be strongly immunostained and colocalized with TRP-1 in the perinuclear area (probably Golgi and endosomal areas as observed by the granular appearance) (Fig 8, top) , consistent with the observation by Chavrier et al (1990) that rab7 is localized in Golgi and late endosome. The colocalization was further veri®ed by superimposing the two images. Optical sectioning of the labeled cells by confocal microscopy revealed that the colocalization of rab7 with TRP-1 was not uniform and not even. Some peripheral areas did not show colocalization. Furthermore not all the perinuclear rab7-positive granules were colocalized with TRP-1 (Fig 8, bottom) . Double immunostatining of rab3 or rab8 with TRP-1 was not conclusive in the colocalization. The ®nding suggests that TRP-1 and rab7 share a common pathway of movement in a speci®c area of transport from the TGN to the late endosome, but neither to all the maturation stages of melanosomes nor to all the lysosome± endosome system. This is also consistent with reports that a single SMG-binding protein regulates the transport of protein only in speci®c areas, and that the transport of proteins from ER to Golgi or to other subcellular organelles required several GTP-binding proteins (Goud and McCaffrey, 1991) .
Antisense nucleotide treatment impairs TRP-1 transport As colocalization of TRP-1 and rab7 suggested a possible role of rab7 in the intracellular transport of TRP-1, we next analyzed the role Figure 5 . GTP-overlay assay on melanosomal proteins and speci®city of GTP±GDP binding. GTP-overlay assay on melanosomal proteins of B16 cells was carried out as described in Materials and Methods in the presence of 10 and 100 molar excess of cold nucleotides ATP, ADP, AMP, GTP, GDP, or GMP. In control, only the labeled GTP was added whereas in control/block, 4 mM ATP was also added in addition, to block nonspeci®c binding, if any. Figure 6 . Analysis of SMG-binding proteins by high resolution 2D-PAGE and GTP-overlay assay. Melanosomal proteins (75 mg) from B16 cells were resolved on the isoelectric focusing gel at 6±8000 V h, separated by SDS-PAGE, and transferred to nitrocellulose paper, and the GTP-overlay assay was carried out as described in Materials and Methods. Two predominant spots of U-1 and U-2 correspond very probably to two unidenti®ed SMG-binding proteins referred to as A and B by Huber et al (1994) . Figure 7 . Immunoblot analysis of rab3, rab7, and rab8 on melanosomal proteins. Melanosomal proteins (100 mg) from B16 cells were resolved by SDS-PAGE, electrophoretically transferred to nitrocellulose paper, and incubated with af®nity-puri®ed antirab3, antirab7, and antirab8 peptide antibodies. Bands were visualized using HRP-conjugated goat antirabbit antibody using the ECL Western blot detection system. of rab7 in endosomal transport of newly synthesized TRP-1. Antisense oligonucleotides were used to inhibit rab7-mediated transport. ATG antisense oligonucleotides were designed from rab7 cDNA sequences and these spanned the ATG initiation codon. A control sense oligonucleotide was designed by reversing the sequence of the ATG antisense oligonucleotide. As TRP-1 has a long half-life, B16 cells were treated with DOTAP-liposomal oligonucleotides to reduce the synthesis and pre-existing level of rab7 for 3 d before immunostaining with HMSA-5, a monoclonal antibody of TRP-1 (Der et al, 1993) .
Before we proceeded with the immuno¯uorescence staining, the ef®ciency and speci®city of antisense to rab7 was examined by immunoprecipitation. Speci®cally antisense to rab7 should decrease the level of rab7 protein. It should not change the level of TRP-1. It must be very speci®c to rab7 so that it should not change the level of rab3, a closely related family member. Figure 9 shows that the antisense to rab7 did not change the level of TRP-1 on immunoprecipitation. In contrast, there was a decreased expression of rab7 protein after antisense treatment by Western blotting (Fig 10) . There was no change in the expression of rab3 after antisense treatment, however, as shown by Western blot (Fig 10) . Similarly there was no alteration in the expression of rab8 (data not shown).
Indirect immuno¯uorescent study was subsequently carried out in ®ve independently performed antisense experiments. HMSA-5 staining was found mostly in the perinuclear area, and very faint or no staining was observed in the melanosomes located in the dendrites or periphery of the cytoplasm under immuno¯uorescence microscopy (Fig 11b) . Untreated as well as sense-oligonucleotidetreated cultures, however, were unaffected and showed a normal distribution of TRP-1 in the perinuclear area, the entire cell cytoplasm, and in dendrites (Fig 11a) . The result strongly suggests that rab7 is involved in the transport of TRP-1 to melanosomes.
DISCUSSION
The analysis of highly pure melanosomal fraction from melanoma tumor by 2D-PAGE revealed the presence of more than 60 proteins. Whereas most of these proteins are likely to be integral membrane proteins (functional and structural core proteins), some could be melanosome-associated proteins (e.g., transport proteins). In our PCR cloning, we found a clone with sequence homology with the alpha subunit of Gs protein (a membrane-bound 42 kDa polypeptide of GTP-binding protein) and not with any SMGbinding protein. Melanosomes are transported to the surrounding keratinocytes through the plasma membrane. It is therefore possible that we puri®ed both plasma-membrane-bound and unbound melanosomes and the former could be the case for isolating a membrane-bound 42 kDa polypeptide. There is also a possibility, however, that we might have obtained a nonspeci®c GTP-binding protein by PCR cloning, which may be supported by the facts that we diversi®ed the third base of the codons to make the internal primers and that we ampli®ed a product at the 3¢-untranslated region of the alpha subunit of G protein (not any translated region). We analyzed the SMG-binding proteins and not the role of Gs protein because we are interested in knowing the biogenesis of the melanosome, i.e., the formation of the melanosome and its maturation upon integrating functional melanosomal proteins. SMG-binding proteins are well known for their role in transporting proteins to subcellular organelles (Deacon and Gelfand, 2001) .
Our GTP-overlay assay after denaturing transfer was the most suitable assay to identify the SMG-binding proteins and not the alpha subunit of heterotrimeric Gs proteins (Huber et al, 1994) . Among the 5±6 SMG-binding proteins in the 2D-GTP-overlay assay, predominantly two spots (U-1 and U-2) correspond very probably to two unidenti®ed SMG-binding proteins referred to as A and B by Huber et al (1994) . According to Huber et al (1994) , these two spots are found in all cells and organelle preparations and do not appear speci®c for the melanosome. Given their high degree of conservation, ubiquitous expression, and proven role in subcellular transport, SMG-binding proteins are likely to be important players in determining melanosome architecture and their maturation. This report demonstrated for the ®rst time that SMG-binding protein, especially rab7, is very critical for the transport of melanosomal proteins, e.g., TRP-1, from lateendosome delineated granules to the maturing melanosomes.
Melanosomes are lysosomal organelles specialized for the biosynthesis and storage of melanin pigments in melanocytes, and contain many membrane-bound and integral structural proteins (Jimbow, 1995; Orlow, 1995; Jimbow et al, 1998; Raposo et al, 2001) . Melanosomes may provide a good model for studying the involvement of rab protein in the biosynthesis, maturation, and exocytosis of secretory granules. Impairment of this melanosomal cascade is responsible for many pigmentary disorders in humans and animals (Collier et al, 1979; Zhao et al., 1994a; Valentijn et al, 1996) . These pigmentary disorders can be due to systemic failure or malfunction in certain congenital diseases, such as Hermansky± Pudlak syndrome, Chediak±Higashi syndrome, and Griscelli syndrome. The ®rst two syndromes are both autosomal recessive human disorders and are associated with hypopigmentation of the skin and eye (ocuolocutaneous albinism) and systemic defects, such as bleeding diathesis due to a platelet storage pool defect and an accumulation of ceroid-like materials in cells in the case of Hermansky±Pudlak syndrome, and recurrent pyrogenic infections due to giant, dysfunctional lysosomes and platelet dense body de®ciency in Chediak±Higashi syndrome (Robinson et al, 1975; Frenk and Lattion, 1982; Collier et al, 1985; Novak et al, 1985; McGarry et al, 1986; Summers et al, 1988; Nagle et al, 1996) . Chen et al (1997a) recently identi®ed nine novel genes of the rab subfamily in human melanocytes and melanoma cells, some of which overlapped with the platelets. They speci®cally suggested the involvement of rab27a and rab27b in pigment dilution, due to the presence of large pigment clumps in hair shaft and accumulation of Figure 10 . Western blot analysis of rab7 antisense treatment for B16 cells, showing a signi®cant (at least 30%±50%) decrease of rab7 expression. B16 cells were transfected with rab7 antisense and reverse antisense oligonucleotides for 72 h using DOTAP liposomal system. A hundred micrograms of melanosomal proteins were loaded in each lane and resolved by SDS-PAGE, transferred onto nitrocellulose membrane, and incubated with af®nity-puri®ed antirab7 and antirab3 antibodies. Lanes 1, 2: Rab7 expression in the cells exposed to antisense (A) and reverse antisense (R) rab7 oligonucleotides. The membrane was stripped and reprobed with antirab3 antibody showing the speci®city of antisense action as well as the equal loading of the proteins (lanes 3, 4) . Lanes 5, 6: Rab7 expression in an experiment different from that of lanes 1 and 2, showing the reproducibility of the result for the decreased rab7 expression. Figure 11 . Impairment of TRP-1 transport by rab7 antisense oligonucleotide. B16 cells were transfected with rab7 antisense oligonucleotide for 72 h with either reversed ATG-antisense (a) or ATG-antisense (b) using the DOTAP liposomal system. Cells were ®xed and HMSA-5 immuno¯uorescence staining was carried out as described in Materials and Methods. Note that TRP-1 transport is impaired and con®ned to the perinuclear region of the cell. Scale bar: 10 mm. melanosomes in the melanocyte as well as a platelet storage pool defect in Griscelli syndrome (Chen et al, 1997b) . In Griscelli syndrome, most patients also develop an uncontrolled T lymphocyte and macrophage activation syndrome (known as hemophagocytic syndrome). Rab27a appears to be involved in the control of the immune system, as all patients with rab27a mutations developed Griscelli syndrome (Menasche et al, 2000; Bahadoran et al, 2001 ). Rab27a appears to be a key effector of cytotoxic granule exocytosis, a pathway essential for immune homeostasis. Rab27a also participates in melanosome transport (Bahadoran et al, 2001) , and its defect leads to a clustering of melanin pigment in the hair shaft, as well as defective melanosome transport in the melanocyte (Wu et al, 1998; Menasche et al, 2000; Wilson et al, 2000) . Further human myosin Va mutations have been identi®ed and shown to be associated with Griscelli syndrome (Wilson et al, 2000) . Rab7 appears to be necessary for the recruitment of myosin Va (Hume et al, 2001 ). Zhao et al suggested abnormal traf®cking of some cellular proteins related to melanosome structure and function in Chediak± Higashi syndrome melanocytes (Zhao et al, 1994a) . Davies et al further showed that down-regulation of rab7 or rab9 proteins induced severe cell vacuolation that resembled the phenotype seen in ®broblasts from patients with Chediak±Higashi syndrome (Davies et al, 1997 ). It appears that the function of rab proteins (especially rab7) may be critical, not only for normal pigmentation, but also for melanocyte viability.
TRP-1 is one of the major melanogenic glycoproteins, and is synthesized in the rough ER and fully glycosylated in the Golgi and then transported from the TGN to the early stage melanosomes, e.g., stages I and II (Jimbow, 1995; Jimbow et al, 1998) . Little is known, however, about the biologic process in the transport of melanogenic proteins from the TGN to these immature melanosomes. As SMG-binding proteins are involved in vesicular traf®c, it is likely that some SMG-binding proteins may also play an important role in the transport of melanogenic proteins. By Western blotting we detected several known SMG-binding proteins (rab3, rab7, and rab8) in the melanosomal fraction. Using double immuno¯uorescence and confocal microscopy, however, we found that rab7 colocalizes with TRP-1. Rab7 is believed to be present in the late endosome and not in the lysosome (Chavrier et al, 1990) . Rab7 has been reported to be present in a vesicular compartment connected to the lysosome also (Meresse et al, 1995) . Rab7 may be recruited not only on late but also on maturing epidermal growth factor receptor-containing endosomes (Blagoveshchenskaia and Vinogradova, 1996) . This prompts us to speculate that rab7 may be recruited onto maturing melanosomes. The colocalization observed (Fig 8) was primarily in the perinuclear region and occasionally in the periphery of the perikaryon, suggesting the existence of rab7 in the late-endosome granules and immature melanosomes to which melanosomal glycoproteins, including TRP-1, are transported from the TGN. We have shown by antisense experiment that TRP-1 transport was blocked by a rab7 antisense oligonucleotide and that TRP-1 is aggregated perinuclearly (Fig 11) , supporting a role for rab7 in the transport of TRP-1 to the melanosomes.
At present, it is dif®cult to delineate the stages of melanosomal maturation in which rab7 helps in the transport of TRP-1. One possibility is that rab7 is involved in the transport of TRP-1 to the late-endosome lineaged granules along with some other carrier proteins. Among the four stages of melanosomal maturation, only stage I melanosomes reveal ®ne structure that is identical or very similar to that of late endosomes (Jimbow, 1995; Jimbow et al, 1998) . It is therefore likely that rab7 is involved in the transport of TRP-1 from late-endosome delineated granules to melanosomes in the early stage of maturation. Another study from our group (Jimbow et al, 2000a) showed that TRP-1 also colocalizes with granules stained with the anti-mannose-6-phosphate receptor (anti-MPR, marker for the late endosome) present only in the perinuclear area after the transfection of TRP-1 cDNA to human amelanotic melanoma cells, supporting our hypothesis that TRP-1 transport from Golgi to melanosomes involves organelles/vesicles related to late endosomes. Our ®ndings are also consistent with our previous observation that the anti-TRP-1 antibody is aggregated along with the melanosomal membrane of stages I and II granules (Der et al, 1993; Jimbow et al, 1993b) . Phosphatidylinositol 3-kinase (PI3-kinase) may help the transport of lysosomal enzymes by interfering with MPR-dependent transport in the TGN (Brown et al, 1995) , but wortmannin, a PI3-kinase inhibitor, blocked the rab7-stimulated transport (Mukhopadhyay et al, 1997) . Together, these reports suggest the cooperative functions of rab7, MPR, and PI3-kinase in lysosomal protein transport from the TGN towards the endosome±lysosome system, resulting in lysosomal proteins (Jimbow et al, 1997 (Jimbow et al, , 2000b .
Our colocalization studies of TRP-1 with rab7 followed by blocking of TRP-1 transport with rab7 antisense oligonucleotides, our colocalization study of TRP-1 with MPR (Jimbow et al, 1997) , as well as other colocalization studies of rab7 with MPR (Chavrier et al, 1990 ) and the functional relationship between rab7 and PI3-kinase (Mukhopadhyaya et al, 1997) favor a transport mechanism of TRP-1 to the melanosomes similar to that of lysosomal proteins to the lysosomes through the late endosome-lineage system. PI3-kinase/MPR possibly helps TRP-1 transport from the TGN to the late endosomes, where rab7 subsequently facilitates the TRP-1 sorting to early maturation melanosomes. In this sense, the stage I melanosome may be identical to the late endosome-lineage granule (Jimbow, 1995) . The other less likely possibility is that rab7 in melanocytes helps the transport of TRP-1 directly from the TGN to the stage I melanosomes without any intermediate late endosomal compartment, which might be a unique function of rab7 in melanocytes. The vesicle targeting component, rab7, must recycle back. At present, we do not know when and from which stages of the melanosomal maturation rab7 returns. From the colocalization studies it is speculated that rab7 returns from the late endosome-delineated granules and probably also from the early maturation stages of melanosomes.
Other groups of macromolecules also appear to be involved in the transport of melanosomal proteins to early stage melanosomes as can be seen in the vesicular transport system (Goud and McCaffrey, 1991) . Arf (another class of SMG-binding proteins) is also believed to be a regulator of vesicular traf®c. Arf is involved in the assembly of COP-coated vesicles in the Golgi for nonclathrin-coated vesicle dependent transport (Orcl et al, 1993) . Early electron microscopy cytochemistry showed that tyrosinase is transported from the TGN to the melanosomes by coated vesicles (Hatta et al, 1988) . Whether TRP-1 is transported from the TGN with clathrin-coated or nonclathrin-coated vesicles to the melanosomes needs to be clari®ed. A recent study has shown that adapter protein (AP-3) is involved in the tyrosinase transport from the TGN to melanosomes through nonclathrin-coated vesicles (Odorizzi et al, 1998) . Further the altered traf®cking of lysosomal proteins in Hemansky±Pudlak syndrome was found to be due to mutations in the 3A subunit of the AP-3 adapter (Dell'Angelica et al, 1999; Feng et al, 1999) . Tyrosinase, TRP-1, and TRP-2 appear to form a functional complex in the melanogenesis cascade after being transported to the melanosomes (Orlow et al, 1994) . The presence of several GTPbinding proteins, as revealed by the GTP-overlay experiment, suggests that some other melanogenic proteins are also transported with the help of SMG-binding proteins, and these SMG-binding proteins may also be involved in the melanosomal transport from the perinuclear area to the plasma membrane during melanosome transport to the surrounding keratinocytes. Among the other SMG-binding proteins associated with melanosomes, rab3 may be involved in the movement of melanosomes within the melanocytes during the exocytosis process, inasmuch as rab3A is involved in the exocytosis of zymogen granules in the pancreas (Mohrmann and der Sluijis, 1999) . In fact, it was recently found that rab3A is associated with melanosomes in melanoma cells, possibly being involved in the intracellular transport of melanosomes (Araki et al, 2000) .
In conclusion, a fairly large number of proteins are probably involved in the transport of melanosomal proteins from the TGN to melanosomes and in the movement of these granules within melanocytes. Speci®cally, recent studies point towards the possibility that rab proteins act in concert with molecular motors to regulate directional membrane transport and dynamics of melanosome biogenesis and melanin pigmentation.
